A. Nadachowski and several modern taxa among other groups of rodents. Our knowledge about the succession of rodents during the Lower Pleistocene (Biharian) of Poland is sufficiently precise, while we lack information concerning fossil rodents from the Middle Pleistocene. On the other hand, the relatively numerous material from the Late Quaternary provided an opportunity to study the history of particular species and changes in community structure of rodents throughout the last glaciation up to the recent times. Some problems under discussion were earlier summarized by Madeyska (1981 Madeyska ( , 1982 and Nadachowski (1982) with special reference to palaeoenvironmental changes during the Late Quaternary.
INTRODUCTION
The most direct evidence of rodent history in Poland comes from fossil and sub-fossil remains. The present rodent communities have formed around the Pleistocene/Holocene boundary; however, some species reached Central Europe much earlier, creating similar rodent communities already during previous interglacials of the Pleistocene. Crucial for the origin of the present rodent fauna of Middle Europe was the Pliocene/ . Pleistocene boundary (ca. 1.6-1.7 My BP) when, following the first . distinct cooling of the climate, which had entailed changes in the Lvegetation of the Northern Hemisphere, there appear the genus Microtus i l This paper was presented at the 4th Polish Theriological Conference, KarnioIwice, 23-26 May, 1988. [37] and several modern taxa among other groups of rodents. Our knowledge about the succession of rodents during the Lower Pleistocene (Biharian) of Poland is sufficiently precise, while we lack information concerning fossil rodents from the Middle Pleistocene. On the other hand, the relatively numerous material from the Late Quaternary provided an opportunity to study the history of particular species and changes in community structure of rodents throughout the last glaciation up to the recent times. Some problems under discussion were earlier summarized by Madeyska (1981 Madeyska ( , 1982 and Nadachowski (1982) with special reference to palaeoenvironmental changes during the Late Quaternary.
The primary objective of this study was to analyse the structure of rodent communities, their species diversity and succession during the last 60-70 thousand years in the territory of Poland and, on the basis of such evidence, to reconstruct the history of the extant rodent fauna. Moreover, the Late Quaternary history of 30 species of rodents is briefly reviewed.
of the highest number of first lower molars (Ml) for vole remains, or the maximum number of the most common category of molars for other species of rodents. Table 1 
LATE QUATERNARY HISTORY OF PARTICULAR SPECIES OF RODENTS
The present fauna of rodents of Poland consists of 31 species including the introduced taxa (Pucek, 1981) . Particular species show a different history depending on climatic, environmental and historical factors. On the basis of relatively abundant fossil evidence (e.g. Bocheński et al., 1983 Bocheński et al., , 1985 Chmielewski et al, 1967; Kowalski, 1961 Kowalski, , 1972 Nadachowski, 1976 Nadachowski, , 1982 one can describe the Late Quaternary history of particular species of rodents as follows (species recently introduced are excluded):
(1) Sciurus vulgaris Linnaeus, 1758: remains of this species were only found during warmer phases. It accidentally appears at the end of VI and then, after a long gap, in milder periods of V3, LV and during the Holocene.
(2) Spermophilus citelloides (Kormos, 1916) : probably the immediate ancestor of the recent European species Spermophilus citellus (Linnaeus, 1766), appears during Vl/2 phase as a result of the cooling of the climate and survives up to interstadial V2/3, at least in the southern part of the Cracow Upland.
(3) Spermophilus superciliosus (Kaup, 1839): another fossil species of sousliks, is believed to be closely related to the recent Spermophilus major Pallas, 1778. It occurs, though rarely, during V2-V2/3 period and definitively disappears from Poland towards the end of the V3 phase.
' , 5 , W! The occurrence of the genus Spermophilus has been lately confirmed in the Carpathians, at least during V2/3 interstadial (Nadachowski & Wolsan, 1987) .
(4) Marmota marmota (Linnaeus, 1758): is known as a fossil only from one locality (Ujazd near Jasło) from sediments of uncertain stratigraphic position (Kadyi & Kowalski, 1975) . (Nadachowski, 1988) , Raj Cave (Vl/2) (Kowalski, 1972) and in the Holocene layers of Ciasna Cave (Nadachowski, 1982) . Abundant subfossil , while during almost the whole Vistulian it is very rare and only occurs in stadials V2 and V3. Towards the end of glaciation it regularly appears as an accidental element. In some phases of the Holocene, this species becomes very frequent, being a subdominant element for example during the Sub-Boreal phase (Nadachowski et al., 1989) . (7) Cricetulus migratorius (Pallas, 1773): a very rare representative of steppe fauna, probably occurred at the beginning of the last glaciation (Ciemna Cave) (Nadachowski, 1982) and reappeared once more during interstadial V2/3 and cold period V3. Its last appearance date lies within the cooler phase of LV, most probably the Older Dryas (Bocheński et al., 1985) .
(8) Dicrostonyx gulielmi (Sanford, 1870): a typical representative of the steppe-tundra rodent community in Europe during the last glaciation, is the immediate ancestor of the recent arctic form -D. torquatus Pallas, 1779. Its immigration around the Eemian/Vistulian boundary to Central Europe indicates the first wider expansion of the non-forest environments. Fluctuations in frequency of this species are connected with climatic and vegetational changes. It is especially frequent in V2 and V3 stadials while during milder phases it becomes rare yet always present in the rodent community. It has survived, as a Pleistocene relic form, until the beginning of the Neoholocene, at least in the Cracow Upland (Nadachowski et al, 1989) .
(9) Lemmus lemmus (Linnaeus, 1758): another species of the lemming also connected with steppe-tundra environments appears in Poland probably together with Dicrostonyx in the stadial VI. It dominates over Dicrostonyx in milder phases while it becomes less frequent during climatic minima. Its last appearance date lies probably around the Vistulian/Holocene boundary, at least for the Cracow Upland region.
(10) Clethrionomys glareolus (Schreber, 1780): a typical woodland species occurs in almost all fossil assemblages even during very cold periods. Only in LV phase and especially during Holocene, the bank vole becomes very abundant, being the dominant species in the majority of samples.
(11) Arvicola terrestris (Linnaeus, 1758): is a constant element of rodent communities during the last glaciation, although, especially in cooler breaks, its frequency was very low. The water vole from the Late Quaternary is taxonomically related to the small subspecies A.t. exitus (Nadachowski, 1982) , which recently inhabits the Carpathians (Cais, 1974; Kowalski et al., 1981) . Holocene populations, especially, from the Cracow Upland, show a similarity to the big subspecies A. t. terrestris, which probably appeared as a post-glacial newcomer from the east, replacing the glacial relic form A. t. exitus in the lowlands.
(12) Pitymys tatricus Kratochvil, 1952: it was only mentioned from Holocene sediments of two caves in Tatra Mts. (Wołoszyn, 1970) .
(13) Pitymys subterraneus (de Selys-Longchamps, 1836): its appearance in the territory north of the Carpathians is connected with a successive warming up of the climate during LV. (14) Microtus nivalis (Martins, 1842): was previously reported from some localities in the Cracow Upland (Kowalski, 1961 , Nadachowski, 1976 as an accidental element of the rodent community. It appeared, however, that those findings concerned morphological variants of M. oeconomus (Nadachowski, 1982) . It seems that the snow vole was limited to the Carpathians even during cooler periods, and occurred in some mountain regions (e.g. in Podhale) at least during V2/3 interstadial (Nadachowski & Wolsan, 1987) . • (19) Lagurus lagurus (Pallas, 1773): a very rare member of the steppe-B tundra rodent community, appears probably towards the end of Vl/2® interstadial in connection with the development of steppe environments and survived in most of the assemblages up to the V3 glacial phase, always as an accidental element of the fauna.
(20) Mus musculus Linnaeus, 1758: its appearance only in historical times is connected with human activity, although we lack precise information.
(21) Rattus norvegicus (Berkenhout, 1769): another representative of synanthropic elements; it probably appeared much later than M. musculus, and is known only from Dużej Sowy Cave (Bocheński et al., 1983) . (22) .Rattus rattus (Linnaeus, 1758): has been recorded in subfossil state in Silesia from Early Iron and Medieval times (Chrzanowska, 1985; Wyrost & Chrzanowska, 1985) , but data from Western Europe (Yalden, 1982) and the Carpathian Basin (Kordos, 1978) indicate its earlier introduction than by the previous species.
(23) Micromys minutus (Pallas, 1771): is absent in steppe-tundra communities in Poland and probably appears in warmer periods in the end of LV (e.g. Bramka; Nadachowski, 1982) . Its wide expansion in the Neoholocene is probably connected with human activity.
(24) Apodemus agrarius (Pallas, 1771): seems to appear in Central Europe in post-glacial times in connection with the development of cultivated fields. It is probably present in northern Hungary already during the Atlantic episode (Kordos, 1982) . In subfossil state in Poland it is only known from one locality (Bocheński et al., 1983) . (30) Muscardinus avellanarius (Linnaeus, 1758): probably appears slightly later than the previous species (Nadachowski, 1982) and occurs in the majority of Holocene communities.
RECONSTRUCTION AND SUCCESSION OF LATE QUATERNARY RODENT

COMMUNITIES
Investigation of community structure and changes of faunal diversity of particular samples ( Table 1 , Fig. 1 ) assignable to climatic phases of the last glacial cycle can be summarized as follows: (1) The most important change in the community structure during the second very cold break of the last glaciation is the increase of Microtus gregalis frequency and decrease of Microtus cf. arvalis in the successive assemblages (cf. samples RA 5-6, RA 7-8, RA 10 and KZ 13-11). At the same time both lemmings become more frequent. At first, Lemmus plays more a important part while during climatic minima, Dicrostonyx becomes very abundant and Lemmus distinctly diminishes its frequency. Species connected with steppe conditions (Spermophilus superciliosus, S. citelloides, Cricetus, Lagurus) appear accasionally, and are very scarce. Eurytopic taxa (Arvícola, Microtus cf. agrestis and Microtus oeconomus) are accessorial elements; the only woodland species represented are accidental Clethrionomys and Apodemus (Sylvaemus). This relatively short period is characterized by distinct changes between rodent communities atributted to cool and mild phases. During cool periods (Older and Younger Dryas) represented in the present analysis by the ZL7 fossil assemblage, a recovery of steppe-tundra communities is observed with a distinct predomination of Dicrostonyx and M. gregalis. The other species of the lemming, L. lemmus, disappears or is very rare. Of the typical steppe forms, only Cricetulus is present, while both Spermophilus species and Lagurus have not survived, at least in the Cracow Upland. During periods of mild climate (e.g. Boling, Allerod) a distinct increase of species diversity is observed (samples BR5, ND4, SW3) as indicated by the appearance of several inhabitants of forests (e.g. Glis, Sciurus, Muscardinus). Clethrionomys becomes the dominant element while Pitymys subterraneus occurs accidentally. In some assemblages Cricetus, Arvicola and Apodemus are also very abundant, which is probably connected with some local conditions. (6): Holocene During the last 10 thousand years, a continuous increase of the frequency of sylvan and eurytopic species, especially of Clethrionomys and M. agrestis is observed. Among the index taxa of the steppe-tundra community, only two species -Dicrostonyx and M. gregalis survived until the beginning of the Neoholocene at least in the Cracow Upland. The period under discussion is also characterized by the development of human activity. The appearance of cultivated fields and urban ecosystems, especially in the Sub-Atlantic phase, is responsible for a rapid expansion of Microtus arvalis and Apodemus agrarius as well as several synanthropic species of rodents [e.g. Rattus, Mus).
DISCUSSION AND CONCLUSIONS
The history of rodent faunal succession in Poland during the last 60-70 thousand years can be generally divided into two periods: (1) the Pleni-Vistulian (V2-V2/V3), which is characterized by the development of steppe-tundra communities and (2) the Late Vistulian (LV) and the ITolocene, distinguished by the successive remodelling of the community structure towards the recent species composition.
The faunal assemblages during the Pleni-Vistulian were relatively stable in species diversity. Noteworthy is the presence of both tundra (e.g. Dicrostonyx, Lemmus) and steppe (e.g. Cricetulus, Spermophilus, Lagurus) elements. Such a mixture of taxa is characterized for the majority of fossil assemblages within the broad zone of Europe, Northern Asia and Beringia of that time, which agrees with the concept of a steppe-tundra biome (Guthrie, 1982) . The most characteristic features of this ecosystem were the development of extensive grassland vegetation with Artemisia and the coexistence, among invertebrates, birds, large and small mammals, of both arctic and steppe forms, which has no exact modern analogy Pleni-Vistulian rodent communities from Poland are characterized by a very low frequency of steppe elements (up to 2.8%); while their age equivalents further to the east, e.g. in the Ukraine, show a distinct increase of these elements (up to 40-70% in some communities), belonging first of all to Lagurus, Allactaga jaculus (Pallas, 1778), Marmota bobac Miiller, 1776 and Eolagurus luteus (Eversmann, 1840) (Rekovets, 1985) . South of the Carpathians, in the territory of Czechoslovakia, the frequency of steppe forms (e.g. Marmota bobac, Spermophilus species, Sicista subtilis Pallas, 1773 and Cricetulus) is similar to that in Polish data (Horacek & Sanchez Marco, 1984) .
Another important feature of the Pleni-Vistulian rodents communities is a change in proportions of index species due to minor climatic oscillations. In the course of both stadial phases (V2 and V3) first an increase of the representation of M. gregalis and Lemmus is noted and only during climatic minima does Dicrostonyx distinctly increase its frequency. By the beginning of interstadial V2/3, a reversed trend seems to occur i.e. a repeated increase of Lemmus and M. arvalis as well as a decrease of Dicrostonyx and M. gregalis frequency.
The steppe-tundra biome in the territory north of the Carpathians is also characterized by stable although accessorial additions of sylvan species in the community (Clethrionomys) striking in comparison with the Ukrainian assemblages, where the above mentioned taxa are totally absent (Rekovets, 1985) .
During cool phases the species diversity is lower than in interstadials, while the index of equitability does not change essentially in the period under discussion (Table 1 ). It is clear that the species dominance is preserved on the same level, independently of climatic fluctuations, because predominant taxa M. gregalis and M. arvalis are always the major components of the communities, respectively in both cool and mild phases of the Pleni-Vistulian.
Fossil evidence from the last glacial cycle concerning the temporal and spatial distribution of rodents indicates that the present faunal communities have already been fully formed during the Late Vistulian and the Holocene. Rapid changes in climate and vegetational patterns of these periods are mainly responsible for distinct changes in distribution of particular rodent species. Especially, the raise in temperature at that time had a great effect on the vegetation and, in consequence, on the fauna. A wide expansion of coniferous and mixed forests with shrubby undergrowth in relatively humid climate influenced the expansion of several sylvan species (Clethrionomys, Apodemus, Pitymys, Sciurus, glirids) and a gradual disappearance of taxa connected with the steppe-tundra environments. Typical steppe forms (Lagurus, Spermophilus, Cricetulus) disappeared first, while tundra species, especially Dicrostonyx, M. gregalis and M. oeconomus, survived far into the Holocene as relic forms.
Generally, the Holocene assemblages are characterized by higher values of species diversity and equitability indices. Interpretation of the data is based on the fact that mild climatic conditions will increase directly and through effect on vegetation structure, both species richness and equitability within an animal community.
The last period of the Holocene (Sub-Atlantic episode), which covers the last 2000 years, is dissimilar to previous phases as far as the rodent community structure is concerned. Both indices of community structure show extremely low values and are rather comparable with Pleni-Vistulian rodent communities. This characteristic is connected with an absolute predominance of M. arvalis and the appearance of synanthropic species of rodents (including Apodemus agrarius). Those two new phenomena are due to the deforestation and/or urbanisation connected with human activity.
